Climate warming is expected to have major impacts on river water quality, water column/hyporheic zone biogeochemistry and aquatic ecosystems. A quantitative understanding of spatio-temporal air (T a ) and water (T w ) temperature dynamics is required to guide river management and to facilitate adaptations to climate change. This study determined the magnitude, drivers and models for increasing T w in three river segments of the Yongan watershed in eastern China. Over the 1980-2012 period, T w in the watershed increased by 0.029-0.046°C yr À1 due to a $0.050°C yr À1 increase of T a and changes in local human activities (e.g., increasing developed land and population density and decreasing forest area). A standardized multiple regression model was developed for predicting annual T w (R 2 = 0.88-0.91) and identifying/ partitioning the impact of the principal drivers on increasing T w :T a (76 ± 1%), local human activities (14 ± 2%), and water discharge (10 ± 1%). After normalizing water discharge, climate warming and local human activities were estimated to contribute 81-95% and 5-19% of the observed rising T w , respectively. Models forecast a 0.32-1.76°C increase in T w by 2050 compared with the 2000-2012 baseline condition based on four future scenarios. Heterogeneity of warming rates existed across seasons and river segments, with the lower flow river and dry season demonstrating a more pronounced response to climate warming and human activities. Rising T w due to changes in climate, local human activities and hydrology has a considerable potential to aggravate river water quality degradation and coastal water eutrophication in summer. Thus it should be carefully considered in developing watershed management strategies in response to climate change.
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Introduction
Water temperature is an important river physical property with a crucial impact on aquatic ecosystem health, as most river biogeochemical processes are functions of temperature (Webb and Nobilis, 2007; Webb et al., 2008; Kaushal et al., 2010; evan Vliet et al., 2012; Xin and Kinouchi, 2013; Luce et al., 2014; Rice and Jastram, 2015) . Higher water temperature can impair the habitat of a wide range of aquatic organisms from invertebrates to salmonids (Langan et al., 2001; Caissie, 2006; Isaak et al., 2012; Markovic et al., 2013; Null et al., 2013a,b) , as well as degrade water quality such as decreased oxygen-holding capacity, increased oxygen consumption, and enhanced formation of potentially toxic NH 3 (Webb and Nobilis, 2007; Pekárová et al., 2011; El-Jabi et al., 2014) . Furthermore, increasing riverine heat flux has a great potential to aggravate eutrophication (including harmful algal blooms) and hypoxia in downstream lakes, estuaries and coastal waters (Liu et al., 2005; Ozaki et al., 2008; Ye et al., 2011; Rice and Jastram, 2015) , as well as to impair their biological communities (Seekell and Pace, 2011) .
Various studies have shown that rising water temperature is strongly related to climate warming across a range of river types (e.g., watershed size) and time scales (e.g., daily, weekly, monthly, and annual), because air temperature is a major component in calculating net heat fluxes at the air-water interface (Webb et al., 2003 (Webb et al., , 2008 Caissie, 2006) . For example, Seekell and Pace (2011) indicated that a 0.945°C increase of water temperature in the Hudson River during the period 1946-2008 was primarily related to air temperature increasing. Depending on the river type and time scale, the air-water temperature dynamics can be effectively http://dx.doi.org/10.1016/j.jhydrol.2015.12.005 0022-1694/Ó 2015 Elsevier B.V. All rights reserved. expressed by a linear or logistic function (Mohseni and Stefan, 1999; Webb et al., 2003; Pekárová et al., 2011; van Vliet et al., 2012; Gu et al., 2014) . For example, the slopes of the regression lines between water and air temperature generally increase with increasing time scales (daily, weekly, monthly and annually), while the slope decreases from small upstream to large downstream river reaches (Webb et al., 2003; Caissie, 2006) . For some groundwater-dominated rivers, due to the influence of groundwater inputs at low air temperature and evaporative cooling at high air temperature, weekly or daily air-water temperature relationships often departure from a linear relationship and are better expressed by a logistic regression (Caissie, 2006; Webb et al., 2003 Webb et al., , 2008 .
Although the relationship between air and water temperature is generally strong, the strength of such a relationship varies regionally and temporally, and can be highly site specific due to additional influences from local hydrology and human activities, such as changes in land-use and population density (Arismendi et al., 2012; Orr et al., 2015; DeWeber and Wagner, 2014) . It is commonly observed that water temperature is inversely related to river discharge, reflecting a reduced thermal buffering capacity due to decreasing flow volumes, increasing travel time, and diminished dilution capacity for inputs of thermal effluents (Gu and Li, 2002; Webb et al., 2003; Moatar and Gailhard, 2006; Albek and Albek, 2009) . A global assessment indicated that a decrease in river discharge by 20% and 40% would exacerbate water temperature increases by 0.3°C and 0.8°C on average, respectively, in addition to a 2-6°C increase due to rising air temperature (van Vliet et al., 2011) . Furthermore, rivers with low groundwater inputs are generally more sensitive to changes in air temperature compared with groundwater-dominated rivers (Caissie, 2006) .
Regarding land-use change, many studies suggest that decreasing forest area (or decreasing vegetation shading (Moore et al., 2005; Ozaki et al., 2008; Pekárová et al., 2011; Simmons et al., 2014) and increasing urban area (or increasing human density and increasing thermal effluent) within a catchment can significantly increase river water temperature in addition to climate warming (Langan et al., 2001; Caissie, 2006; Albek and Albek, 2009; Xin and Kinouchi, 2013; Gu et al., 2014; Lepori et al., 2014; Orr et al., 2015) . For example, the observed water temperature increases of 0.11-0.21°C yr À1 in winter and spring for some stream segments in central Tokyo and its suburbs between 1978 and 1998 were ascribed to increases in anthropogenic heat input from urban wastewater (Kinouchi, 2007) . Other human activities, such as river diversion, channelization and impoundments, can also alter the thermal dynamics of downstream reaches (Liu et al., 2005; Žganec, 2012; Null et al., 2013a,b) . While it has been recognized that increasing river water temperature is a complex function of the interaction of changes in climate, hydrology, and human activities, there is a distinct paucity of studies that address their integrated influence on spatio-temporal river water temperature dynamics due to a lack of long-term data sets (Caissie, 2006) . Importantly, little quantitative knowledge is available concerning what contribution of the river warming rate is attributable to climate warming versus local human activities. Such quantitative information is critical for developing effective watershed management plans and water quality standards to protect aquatic species (Moatar and Gailhard, 2006; Caissie, 2006; Kaushal et al., 2010) .
Although long-term trend analyses of river water temperature have been widely examined in American and European watersheds, little knowledge is available for rivers in China. Examining long-term river water temperature trends is especially important for watersheds in eastern China that have experienced rapid economic development, human population expansion, and urbanization, as well as significant climate change since the 1980s Chen et al., 2014) . For coastal waters along the East China Sea, serious algal blooms and persistent hypoxia have been widely reported in recent decades (Li et al., 2007; Gao and Zhang, 2010) . From the perspective of future global warming and increased human activities, higher temperature of water from upstream rivers has the potential to greatly aggravate eutrophication (including harmful algal blooms) and hypoxia of downstream coastal waters. These effects are exacerbated by increasing inputs of oxygen-demanding substances and excessive nutrients in many rivers in eastern China . Accordingly, it is urgent to gain a comprehensive and quantitative understanding of long-term water temperature trends in response to changes in air temperature, hydrology, and human activities for rivers in eastern China.
This study provides the first historical analysis of river water temperature changes in response to changes in climate, hydrology, and human activities for a rapidly developing watershed (i.e., Yongan watershed) in eastern China over the 1980-2012 period. Human activities in this study are defined as increasing developed land, decreasing forest land, and increasing population. Three river segments located in headwater, mid-watershed, and lowland portions of the Yongan watershed were selected for analysis to provide a range in levels of human disturbance and water discharge conditions. This study advances our understanding of river water temperature dynamics by (i) examining the long-term warming rates of annual and monthly river water temperature as well as their spatial heterogeneities, (ii) addressing the drivers of the observed rising river water temperature, (iii) developing a standardized multiple regression model for predicting river water temperature, (iv) identifying individual contributions of climate warming and human activities to rising water temperature, and (v) forecasting trends in river water temperature based on scenarios for future changes in climate and human activities expected for this watershed. Besides being the first analysis of river water temperature dynamics in China, novel aspects of this study include demonstrating the integrated influence of air temperature, hydrology, and human activities on the spatio-temporal river water temperature dynamics and providing a simple methodology for quantifying the contributions of the identified drivers to variations of river water temperature. The results of this study improve our quantitative understanding of long-term annual, seasonal, and spatial air and water temperature dynamics for improving watershed management and facilitating adaptation to these climate change effects.
Materials and methods

Study watershed
The Yongan watershed (120.2295°-121.0146°E and 28.4695°-29.0395°N; elevation $15-1000 m) is located in the rapidly developing Taizhou region of Zhejiang Province, China (Fig. 1) . The Yongan River is the third largest river of Zhejiang Province and flows into Taizhou Estuary and the East China Sea, a coastal area that commonly experiences hypoxia (Li et al., 2007; Gao and Zhang, 2010 Rainfall mainly occurs in May-September (67% of total annual precipitation) with a typhoon season in July-September, while winter (December, January and February) is a major dry season receiving only 15% of the annual precipitation. There are no major dams/ reservoirs or water withdrawals/transfers in the watershed.
Three river segments consisting of headwater (upstream), midwatershed and lowland (downstream) components (i.e., HX, HG, and BZA, Fig. 1 ) were selected to provide a range in levels of human development and water discharge conditions (Table 1) . Among them, catchment HG had the highest percentage of developed land, as well as the highest human and domestic animal densities. Over the 33-year study period, human population and developed land area within the three catchments increased by 27-32% and 60-80%, respectively, while forest land decreased by 6-12% (Table 1) .
Data collection
Monthly mean river water temperatures at the three hydrologic stations ( Fig. 1 ) during the 1980-2012 period were provided by the local Hydrology Bureau. River water temperature was measured during daytime once to thrice every month using a consistent method throughout the study period. The measurements were consistently made in the middle of the river section in flowing water deeper than 0.3-0.5 m. During measurements, a mercurial thermometer (limit of detection: LOD = 0.1°C) was installed inside an empty bottle and placed 0.3-0.5 m below the water surface for 5-8 min. Following filling of the bottle and equilibration, the bottle containing the river water sample was retrieved and the temperature immediately recorded. Data were available for the full 33-year period for sites HX and BZA, and for 26 years at site HG.
Daily river discharge data for the three sampling sites within the Yongan watershed ( Fig. 1 ) over the 1980-2012 period were provided by the local Hydrology Bureau. River discharge was measured once every 2-12 h (more frequently during storm events) using the rotating-element current-meter method. Daily air temperature data for the three weather monitoring stations within the Yongan watershed ( Fig. 1 ) over the 1980-2012 period were obtained from the local Weather Bureau. The upstream, midwatershed and downstream weather monitoring stations ( Fig. 1) were located in rural, rural and suburban regions, respectively. According to the standard methods for weather observations, air temperature was recorded once every 2 h from a mercurial thermometer (limit of detection: LOD = 0.1°C) installed within a standard thermometer shelter 1.5 m above the ground.
Data concerning land use and human population for the three catchments of the Yongan watershed from 1980 to 2012 were obtained from the annual Statistic Yearbooks of Xianju County and Linhai City. By defining the watershed boundary using a geographical information system (GIS), all twenty towns within Xianju County ($73% of total watershed area) and one town in Linhai City ($12% of total watershed area) were included within the watershed boundary. The remaining $15% of the watershed area was dominated by forests ($95%) and fell within Panan County (located in the northwest portion of the watershed) and Jinyun County (located in the southwest portion of the watershed) (Fig. 1) . Relevant data over the past 33 years for this remaining area were extrapolated from the nearby towns that have similar forest area percentages (90-96%).
Statistical analyses
To detect the trends in air temperature, river water temperature and discharge over the 1980-2012 period, a linear regression analysis was adopted to establish the relationship between each of variables and year number over the study period (Kaushal et al., 2010; Chen et al., 2014; Rice and Jastram, 2015) . When regression equations were statistically significant (p < 0.05), the change in rate or percentage was determined by the regression slope. In this study, all correlation analyses, regression analyses and analysis of variance (ANOVA) were performed using SPSS statistical software (version 16.0, SPSS Inc., USA, 2002) .
To address the quantitative response of annual mean river water temperature (T w ,°C) to potential drivers (i.e., changes in air temperature, hydrology, and human activities), this study used a standardized multiple regression model:
where x i is the factors (e.g., standardized annual air temperature, water discharge, developed land area percentage, population density, and forest area percentage) influencing river water temperature, and a and b i are regression parameters. In this study, all individual factors were standardized to the same scale by scaling as a function of the maximum value over the study period for all sites.
To determine the most influential drivers for the model, the potential influencing factors were added stepwise for x i to calibrate the regression parameters. The optimized set of influencing factors was determined according to the highest model agreement. The agreement between observed and modeled annual mean water temperature was evaluated using correlation (R 2 ) and NashSutcliffe coefficients . Regression analysis was applied to calibrate the parameters a and b i in Eq. (1).
Based on the developed standardized multiple regression models, the contribution (c i ) of individual drivers to temporal or spatiotemporal variation of annual water temperature was estimated by:
3. Results
Long-term trend and spatial heterogeneity in annual water temperature
Over the 1980-2012 period, annual mean air temperature at the upstream, mid-watershed and downstream sampling sites was 16.9 ± 0.5°C, 17.6 ± 0.6°C, and 17.3 ± 0.6°C, respectively (Fig. 1) . In comparison, annual mean water temperature for river segment HX, HG, and BZA was 17.8 ± 0.4°C, 19.5 ± 0.6°C, and 19.4 ± 0.5°C, respectively (Fig. 2) . Each river segment had a significant (p < 0.01) overall positive trend in annual river water temperature from 1980 to 2012 with warming rates of 0.029-0.046°C yr À1 . This equates to an increase in river water temperature of 0.96-1.51°C during the study period. These increasing water temperature trends coincide with an increase in air temperature of 0.050-0.051°C yr À1 during the study period (Table 2) . Furthermore, the increase of water temperature was also affected by a 60-80% increase in developed land area, a 27-32% increase in population density, and a 6-12% decrease in forest land area (Table 2) . Although there were no significant trends in annual mean river discharge (Fig. 2 , p > 0.05) over the study period, water temperature was inversely correlated (p < 0.05) with discharge in each river segment (Table 2) . Among the three river segments, HX having a higher elevation and greater than 90% forest cover (Table 1) had the lowest annual mean water temperature of 17.8 ± 0.4°C, as well as the lowest warming rate of 0.029°C yr À1 (Fig. 3) . River segment HG with a lower elevation and greater than 7% developed land area and a population density of 700 capita km À2 had the highest mean water temperature of 19.5 ± 0.6°C, as well as the highest warming rate of 0.046°C yr
À1
. The coefficient of variation (CV) for annual mean water temperature during the study period followed the order: HG (CV = 0.028) > BZA (CV = 0.025) > HX (CV = 0.020), compared to CV values of 0.035 to 0.036 for air temperature. These results imply that the river segment having more human activities has a larger temporal variability in water temperature, and air temperature presented a larger temporal variability than water temperature.
3.2. Long-term trend and spatial heterogeneity in seasonal water temperature As expected, summer (i.e., June, July, and August) and winter (i.e., December, January, and February) have the highest and lowest water temperatures in each river segment, respectively (Fig. 3) . For the majority of months, river segments HX, HG, and BZA showed significant positive trends in monthly mean water temperature from 1980 to 2012 (p < 0.05), with warming rates of 0.013-0.054°C yr
, 0.027-0.061°C yr À1 and 0.015-0.051°C yr
, respectively (Fig. 4) . These river warming rates were coincident with warming rates observed in monthly air temperatures (p < 0.05, Fig. 4 ) and displayed negative correlations with river discharge (p < 0.05). As a result, the dry winter season had a higher warming rate of 0.045-0.057°C yr À1 for monthly mean water temperature than other seasons in each river segment. There were lag effects between changes in monthly air and water temperatures (Fig. 5a ) indicated by significant correlations between monthly mean water temperature and previous month's air temperature, especially for the previous 1-3 months (R 2 > 0.90). This result is apparent from the high autocorrelations (R 2 > 0.50) observed between monthly mean water temperature and the previous 1-2 month's mean water temperature (Fig. 5b) . Among the three river segments, HG and HX had the highest and lowest seasonal mean temperatures, respectively, while there were no significant differences for HG and BZA during the summer and fall seasons (Fig. 3) . Remarkably, the warming rate (0.53-0.61°C yr À1 ) of HG during the dry winter season exceeded the warming rate (0.46-0.56°C yr
) of the air temperature (Fig. 4) . Furthermore, river segment HG and BZA having the smallest and largest catchment areas showed the smallest and largest lag effect with air temperature, respectively (Fig. 5) .
Regression models for modeling annual river water temperature
Considering the influence of air temperature, water discharge, and local human activities (i.e., changes in land use or population density), we developed standardized multiple regression models for annual mean water temperature for each river segment independently as well as the three river segments combined using Eq. (1). Compared to the individual variables alone (Table 2) , combining air temperature and either land use or population density or water discharge in the regression models explained temporal and spatio-temporal variations of annual river water temperature more accurately (Table 3) . As expected, the predictive capability was further improved by combining air temperature, water discharge, and land use or population density. The three models developed for individual river segments, which simultaneously considered air temperature, water discharge, and developed land area percentage/forest area percentage/population density as the independent variables, accounted for 94-97% of the temporal variation in annual water temperature over the study period (Table 3) . Average prediction errors for these models were less than 6% and Nash-Sutcliffe coefficients were greater than 0.94.
In terms of spatio-temporal dynamics, the three models developed for the combined river segments, which simultaneously considered air temperature, water discharge, and developed land area percentage/forest area percentage/population density as the independent variables, accounted for 88-91% of the variation in annual water temperature for the three river segments (Table 3) . Average prediction errors for the combined river models were less than 10% and Nash-Sutcliffe coefficients were greater than 0.87. Further incorporation of two land-use factors (i.e., developed land area percentage and forest area percentage) did not improve the predictive capabilities of the models (R 2 = 0.85-0.88; Nash-Sutcliffe coefficient = 0.84-0.88) due to the significant autocorrelation among these three inter-related human activity factors (R 2 = 0.64-0.76).
Contribution of influencing factors (drivers) to annual river water temperature
Based on the standardized multiple regression models (Table 3) , we apportioned the contribution of individual influencing factors (i.e., drivers) to observed variations of annual river water temperature using Eq. (2). The three standardized regression models developed for individual river segments consistently estimated that annual air temperature accounted for 90 ± 1%, 77 ± 2%, and 83 ± 2% of the temporal variation in water temperature for river segment HX, HG and BZA, respectively (Fig. 6a) . Water discharge contributed 5-6% of the temporal variation in annual water temperature for each river segment. In addition, changes in land use or population density contributed to 5-18% of the annual variation in river temperature with the highest contribution occurring in HG. After normalizing for the effects of water discharge on water temperature (Table 2) , the climate warming and local human activities were estimated to account for 81-95% and 5-19% of rising water temperature, respectively.
In terms of spatio-temporal dynamics, the three models developed for the combined river segments consistently estimated that annual air temperature, water discharge, and local human activities contributed 76 ± 1%, 10 ± 1% and 14 ± 2%, respectively, of the variations in river temperature for the three river segments (Fig. 6a) . After normalizing for river discharge, the climate warming and local human activities contributed 84% and 16%, respectively, to the rising river water temperature on average for this watershed. These results were comparable to the results estimated separately for each independent river segment (Fig. 6a) .
Predicting future river water temperature
To forecast river water temperature for 2050 using the developed standardized regression models for each river segment (Table 3) , average air temperature and water discharge in 2000-2012 and land use or population density in 2012 were consider as baseline conditions. We forecasted future annual river temperatures based on four scenarios that bracket the range of expected conditions for the Yongan watershed.
The ''climate change I" scenario projects a 0.76°C increase of air temperature by 2050 based on the warming rate (0.02°C yr À1 ) predicted by the IPCC (2013) with no changes in land use, population and water discharge. This scenario predicted a 0.32-0.45°C increase of river water temperature by 2050 relative to baseline conditions (Fig. 6b) . The ''climate change II" scenario assumes a 1.94°C increase of air temperature by 2050 based on the warming rate observed over the 1980-2012 period ( Fig. 2) with no changes in land use, population and water discharge. This scenario predicted a 0.91-1.41°C increase of river water temperature by 2050 relative to baseline conditions (Fig. 6b) .
The ''climate change III" scenario projects a 1.94°C increase of air temperature and 7% increase in water discharge by 2050 ($0.2% increase per year, Huang et al., 2014) with no change in land use and population. This scenario predicted a 0.85-1.30°C increase of river water temperature by 2050 relative to baseline conditions (Table 3) .
Under the ''developing" scenario, river water temperature is expected to increase by 1.12-1.76°C in 2050 due to a 1.94°C increase of air temperature combined with a 7-14% decrease in forest area or 69-92% increase in developed land area or 31-37% increase in population density compared to baseline conditions. For the four scenarios, predicted water temperatures for river segments HG and HX showed the highest and lowest response to changes in future air temperature and land use or population, respectively (Fig. 6b) .
Discussion
For the Yongan River watershed, the observed warming rates in river water temperature (0.029-0.046°C yr , Kaushal et al., 2010; Isaak et al., 2012; Null et al., 2013a,b; Rice and Jastram, 2015) , Europe (0.006-0.18°C yr
À1
, Moatar and Gailhard, 2006; Albek and Albek, 2009; Pekárová et al., 2011; Žganec, 2012; Jurgelė naitė et al., 2012; Markovic et al., 2013; Lepori et al., 2014; Orr et al., 2015) , and Australia (0.014-0.017°C yr
, Webb and Nobilis, 2007) . Although no relevant reports are currently available for rivers in China, the rapid economic development and urbanization in China, especially in eastern China over the past several decades, are expected to enhance rising river water temperature rates in conjunction with the interactive effects of climate change for many rivers.
Consistent with many previous studies (Markovic et al., 2013; Daraio and Bales, 2014; Rice and Jastram, 2015) , this study indicated that climate warming (Fig. 2) is the major driver (81-95%) of rising river water temperature over the past 33 years (Fig. 6a) . However, monthly water temperature variations tend to lag behind fluctuations in air temperature by $3 months (Fig. 5) , which has been widely observed in previous studies with lag times ranging from several days to several months (Caissie, 2006; van Vliet et al., 2011; Gu et al., 2014; Johnson et al., 2014) . The longest lag time was for the largest river segment (BZA) (Fig. 5) , which implies that the larger catchment area has a longer residence time for runoff and delivery through the drainage network, resulting in Table 3 Standardized multiple regression models for annual mean water temperature (T w ,°C) of each river segment and all three river segments of the Yongan River watershed over the 1980-2012 period.
River
Model formats R (Table 3 ) estimated contributions for each river segment or all three river segments. Vertical lines denote the 95% confidence interval of predicted water temperature.
greater time required for influencing downstream river water temperature (van Vliet et al., 2011; Johnson et al., 2014) . Furthermore, lag times are positively correlated with the contribution of groundwater (Gu et al., 2014; Garner et al., 2014) .
Local human activities such as increasing developed land, increasing population density and decreasing forest area contributed substantially (5-19%) to the higher river temperature (Fig. 6a) . Due to the influence of human activities, HG showed the most rapid river warming rate among the three river segments (Fig. 2) . Higher percentage of developed area implies more impervious surfaces and yields more heated urban runoff to rivers (Kaushal et al., 2010; Lepori et al., 2014; Gu et al., 2014; Garner et al., 2014) . The rapid runoff from impervious surfaces is also believed to partially contribute to a shorter lag time between changes in monthly air and river water temperature for the HG river segment (Fig. 5) , which is consistent with the higher runoff coefficient in HG ( Table 1) . The 12% decrease in forest area and 60% increase in developed land area in catchment HG over the past 33 years (Table 1 ) implies a considerable loss in river riparian canopy cover and shading, which further contributes to increasing water temperature (Gu et al., 2014; DeWeber and Wagner, 2014; Simmons et al., 2014) .
Due to less direct coupling to atmospheric energy exchange (both short-and long-wave radiation) as a result of the forest canopy (Luce et al., 2014) , river segment HX showed the lowest river water warming rate, as well as the lowest CV of annual mean water temperature (Fig. 2) . The higher population densities further imply generation of a considerable quantity of domestic and industry sewage discharge to river segment HG, which is another heat source contributing to warming of river water in urban areas (Kinouchi, 2007; Nelson and Palmer, 2007; Kaushal et al., 2010; Xin and Kinouchi, 2013; Lepori et al., 2014) . This premise is supported by the higher water warming rate in the HG segment than for air temperature during the winter (Fig. 4) .
Water discharge is another important driver in regulating airwater temperature dynamics and it accounted for 5-6% and $10% of the temporal and spatio-temporal variations of annual mean river water temperature (Fig. 6a) , respectively. This result is consistent with estimates for the Danube River and Elbe River where water discharge accounted for 6-11% of the temporal variation in water temperature, compared to 83-84% and 6-10% contributions from air temperature and the North Atlantic Oscillation, respectively (Markovic et al., 2013) . The negative correlation observed between river water temperature and discharge in each river segment (Table 2) primarily results from reduced thermal buffering capacity and increased travel time at low discharge (Gu and Li, 2002; Webb et al., 2003; van Vliet et al., 2011) . This mechanism also supports the higher warming rates observed during the dry winter season compared to the other seasons in each river segment (Fig. 5) .
In terms of spatial dynamics, river segment HG having the lowest water discharge displayed the greatest response rate (Table 3) to changes in air temperature and human activities. Due to the influence of water discharge, river segment HG had significantly higher annual mean water temperature than BZA; however, no significant difference was observed between them in seasonal mean water temperature during the high flow summer and fall periods (Fig. 3) . These results imply that smaller rivers and dry seasons are more sensitive to climate warming and human activities compared to larger rivers and wet seasons.
Changes in the contribution of groundwater may also have a considerable influence on water temperature (Gu et al., 2014; Garner et al., 2014 ). It appears that the Yongan watershed had no significant change in groundwater contributions during the study period since there were no significant changes in the runoff coefficient (p > 0.05, Table 1) or water discharge (Fig. 2) . This implies a limited influence from changes in runoff/groundwater contributions on rising water temperatures in this study.
This study adopted a standardized multiple regression model to incorporate air temperature, local human activities and water discharge for predicting annual mean river water temperature. The strong agreement (R 2 = 0.88-0.97; Nash-Sutcliffe coefficient = 0.87-0.96, Table 3 ) between modeled and observed river water temperatures validates the reliability and robustness of these model results . The model is simple and easily applied to predict river water temperature across various sites and time periods from commonly available data. Another important feature of these models is the ability to quantify the contribution of individual drivers to variations in annual mean river water temperature. Consistent results determined by the various models that incorporate different independent variables for expressing local human activities at both temporal and spatio-temporal scales (Fig. 6a) further indicate the robustness of the methodology. Due to differences in watershed characteristics, the drivers and function types may change and require optimization for application to different watersheds. However, the methodology proposed in this study should be widely applicable to other watersheds.
Finally, we evaluated four scenarios for future developments affecting river water temperature by 2050 (Fig. 6b) . The range of model predicted results roughly represents the upper and lower bounds for future water temperatures in response to local anthropogenic activities and climate change, providing a baseline for adopting relevant water management strategies. If we assume that an increase of 1°C in river water temperature would result in a 0.2 mg L À1 decrease in the equilibrium DO concentration (El-Jabi et al., 2014) and a $18% increase in annual mean phytoplankton Chl-a concentration (Ye et al., 2011) , the four projected scenarios predict a 0.06-0.35 mg L À1 decrease in equilibrium DO concentration and a 6-33% increase in algal biomass flux to downstream waters by 2050 merely because of rising water temperature. Given the excessive nutrient and oxygen-demanding substances present in the rivers and coastal waters in Eastern China due to intensive human activities (Li et al., 2007; Gao and Zhang, 2010) , such changes in heat, algal biomass and DO fluxes in rivers will have a considerable potential to aggravate eutrophication (including harmful algal blooms) and persistent hypoxia of the downstream coastal waters in the future. Rising river water temperatures also pose a serious risk for endangered cold-water species living near their thermal maximum (Null et al., 2013a,b) . Considering the warming of air temperature predicted for the next several decades by the IPCC (2013) and local government , rising river water temperature in the future is unavoidable, since river water temperature is largely governed by air temperature in the Yongan watershed, as well as in many watersheds worldwide (Markovic et al., 2013; Daraio and Bales, 2014) . Therefore, the adverse effects of increasing water temperature should be further considered in river and coastal water management (Moatar and Gailhard, 2006; Caissie, 2006) . Although local efforts will have a limited impact on climate warming, increasing water temperature could be somewhat mitigated through constructing riparian buffers for avoiding direct heated urban runoff from entering rivers, increasing vegetation cover and river shading (Markovic et al., 2013; Lepori et al., 2014) , and cooling domestic and industrial sewage prior to discharge into rivers. Furthermore, appropriate dam regulation may be able to cool water and offer a potential mitigation strategy for climate change-induced river warming (Null et al., 2013a; Rice and Jastram, 2015) .
Conclusion
This study presents the first historically explicit analysis of river water temperature trends for a typical watershed in eastern China that is subject to significant climate change and rapid human development. In three river segments of the Yongan watershed, water temperature increased by 0.029-0.046°C yr À1 due to climate warming ($0.050°C yr À1 ) and increasing human activities over the 1980-2012 period. Heterogeneity of warming rates existed across seasons and river segments, with the lower flow river segment and dry winter season demonstrating a more pronounced response to climate warming and human activities. A standardized multiple regression model that incorporates air temperature, local human activities and water discharge provided a simple and efficient method for predicting annual mean river water temperature and identifying the contribution from the individual principal drivers. For the Yongan watershed, climate warming and increasing local human activities were estimated to contribute 81-95% and 5-19% of the observed rising river water temperature, respectively. Models forecast a 0.32-1.76°C increase in river temperatures by 2050 compared to 2000-2012 baseline conditions based on four future scenarios. Such predicted warming magnitudes have a considerable potential to aggravate river water quality degradation and coastal water eutrophication in the future. The negative effect of increasing water temperature due to changes in climate, local human activities and hydrology should be considered in developing watershed environmental and ecological management strategies, as well as adaptation plans for climate change.
